Aim: Although the relevance of surface disinfection is increasingly being accepted, there are still a number of issues which remain controversial.
Introduction
The Rudolf Schuelke Foundation addresses topics related to hygiene, infection prevention and public health. Every two years, the Foundation organises a symposium inviting a panel of scientists from various European countries to discuss a topic of current concern and special relevance for the field of hygiene. For the 2011 symposium, the Schuelke Foundation decided to assess "The Role of Surface Disinfection in Infection Prevention". The most important findings and conclusions of this meeting are summarised in the present consensus paper.
Background and objectives
The central importance of hand hygiene (hand disinfection) in the control of infections has been recognised since the time of Ignaz Semmelweiss, Florence Nightingale and Robert Koch. The insights gained from their scientific and practical works are still applicable today [1] . In contrast to hand hygiene, the relevance of surface disinfection or environmental disinfection has remained controversial. However, the view that environmental disinfection is important has recently begun to gain ground. Surface disinfection has been included in a number of recent national and international infection control policies and recommendations. One example is the guideline on Hygiene Requirements on Surface Cleaning and Disinfection which was published by the Commission for Hospital Hygiene (KRINKO) of the German Federal Robert Koch Institute (RKI) in 2004 [2] . (This Guideline was translated into English on behalf and responsibility of the German Society of Hospital Hygiene: http://www.dgkh.de/ Nutzerdaten/File/empfehlungen/2010_rki_cleaning.pdf.)
In the same year, William Rutala and David Weber published their well-known paper "Benefits of Surface Disinfection" in the American Journal of Infection Control, concluding that "it is reasonable to use hospital disinfectants on non-critical patient care surfaces, [including] patient equipment surfaces and housekeeping surfaces" [3] . This increasing emphasis on the use of disinfectants for environmental decontamination is, to a certain extent, the consequence of a worldwide increase in the occurrence of microorganisms multi-resistant to antimicrobials and associated with high rates of nosocomial infections [4] . In addition, numerous scientific studies have furnished evidence for the transfer of microorganisms between surfaces and patients [5] . Although the relevance of surface disinfection is increasingly accepted, there are still a number of issues which remain unresolved. In particular, the following topics and questions need to be addressed:
1. What is the evidence that microbes are transferred from surfaces to patients and then cause (nosocomial) infection? 2. Which requirements have to be fulfilled by surface disinfectants? 3. What do we know about biocidal resistance in microorganisms and toxicity to humans and/or the environment? 4. Which guidelines, recommendations and regulations exist and how can they be made more effective? 5. Which future aspects and challenges have to be taken into consideration?
Evidence of the role of surfaces in the transmission of pathogenic microorganisms causing healthcare-acquired infections
In recent years, scientific evidence has accumulated which has confirmed the following concepts [5] , [6] :
1. Bacteria, bacterial spores and viruses are shed from infected and/or colonized patients or staff into the hospital environment, especially into areas in the vicinity of patients and surfaces frequently touched by staff hands (termed "high-touch surfaces"). [7] . Other in-vitro investigations on the transfer from surfaces to hands and vice versa corroborate these findings. 4. The risk of transfer is also affected by the infectious dose, which, for many nosocomial pathogens is low. For example, the infectious dose for norovirus is thought to be as low as one virus particle. Therefore, the presence of pathogens on surfaces, even at low concentrations, always carries the risk of transmission. 5. Good evidence of the importance of environmental transmission is provided by a number of studies showing an increased risk of infection in patients admitted to side rooms previously occupied by other infected cases. This has been shown for C. difficile [8] , VRE and MRSA [9] . Environmental norovirus contamination has been repeatedly found to be correlated with continuing outbreaks, although the significance of this pathway has not been fully established.
6. The importance of surface contamination is also shown by the reduction in the rate of healthcare-associated infections when effective measures of environmental hygiene are implemented [10] , [11] , [12] . A recent observational study showed a significant reduction in C. difficile infection rates following the introduction of sporicidal wipes in an environmental cleaning regimen in an acute London trust [13] . However, not all studies have shown a direct link between surface disinfection and reduction in infection rates, probably because of the complex interactions and transmission routes in actual clinical practice.
More research is required to establish the true extent to which contaminated surfaces contribute to the transmission and to gain a better insight in the role of surface contamination in community and non-acute settings.
Surface disinfection as part of a multi-barrier approach
These findings support the importance of environmental contamination in healthcare settings. Nevertheless, it has been found that compliance with hand hygiene is significantly less after contact with the environment than with the patient [14] . This underlines the need to perform proper surface decontamination procedures within a multi-barrier approach (a "bundle strategy") to reduce and control pathogen transmission. This strategy should be implemented despite the existence of unresolved questions about the risks of environmental contamination. 
Efficacy testing for surface disinfectants
General aspects of the interaction between biocides and microorganisms
General considerations of the efficacy of surface disinfectants include the mechanisms of action of the active substance and its interaction with the target organism. Many disinfectants contain multiple active substances. Inactivation of microorganisms proceeds from reversible processes such as the disruption of transmembrane proton motive force, to irreversible changes, such as lysis of the cell [18] . The effectiveness of a disinfectant depends on a number of factors: those inherent to the product, those inherent to the application, and those inherent to the microorganism. Product factors include concentration, formulation, water solubility and pH. For example, the concentration exponent, describing the relationship between dilution and activity of a biocide, must be considered, as well as the bioavailability of the substance and its stability. Application factors include the type of surface, the type of (organic) soil, the temperature and contact time as well as humidity and the mode of application (with or without mechanical action) [19] .
Efficacy testing of disinfectants in Europe
When establishing a disinfection regimen, the efficacy of the disinfectant against the targeted spectrum of microorganisms must first be considered. [16] Tests for sporicidal activity were proposed by S. Gemein and J. Gebel in June 2011 (Table 1) . For Phase 2/step 2 tests, the modified 4-Field-Test was incorporated in the proposal. In contrast to present OECD methods, which are performed without mechanical action, this test employs a wiping mechanical action in addition to specifying the volume of disinfectant solution to be applied to the surface [23] . Since wiping may be associated with the spread of microorganisms, it is a requirement that there is no dissemination of potentially pathogenic microorganisms during a cleaning and disinfection procedure. Also, because variations in disinfection efficacy occur with differences in the composition of both wipes and surfaces, the entire disinfection process must be validated. 
Efficacy testing at a national level

Sustained activity
The 4-Field-Test mentioned above also permits an assessment of sustained activity of various disinfectant ingredients. The residual effect is greatest for a combination of quaternary ammonium compounds and alkylamine, less for aldehydes and least for alcohols. Disinfection protocols should take into consideration where surface disinfectants with a sustained effect are needed and what are the risks of their application. This is especially important when low concentrations of disinfectant are applied, because there is evidence that low quantities of disinfectant may trigger the development of resistance [26] .
New and emerging applications of surface disinfectants
Use of pre-soaked wipes
The use of pre-soaked disinfectant wipes has found broad acceptance in hospitals. However, the combination of quaternary ammonium compounds (QACS) with an inappropriate type of fabric will more or less abolish its antimicrobial activity. In this case, the intended disinfection process may only be a cleaning process, putting patients at unnecessary risk [27] . Another problem is the containers in which the wipes are stored for up to 28 days in accordance with the manufacturer's recommendations.
If the containers are not properly cleaned and disinfected, they may become a reservoir for pathogens like P. aeruginosa, which may develop tolerance to the disinfectant being used [28] , [29] .
Because of these problems, the Royal College of Nursing (London) has published detailed recommendations on the proper selection and use of disinfectant wipes [30] . 
Terminal disinfection
Terminal disinfection is performed in areas or rooms previously used for nursing or treating patients infected and/or colonised with pathogens. This disinfection aims to ensure that the room/area can be re-used safely for other patients without posing an infectious hazard. Terminal disinfection is applied to all potentially contaminated surfaces and objects. Formerly, rooms were disinfected with formaldehyde vapour but this has been abandoned because of toxicity. However, encouraging results have recently been obtained for a wide range of pathogens by gassing with the much safer hydrogen peroxide vapour/aerosolized hydrogen peroxide [31] , [32] , [33] .
Toxicity and risks of resistance development Toxicity
All biocides have some toxicological risks to human health and/or the environment. Therefore, disinfection procedures must include a risk assessment of potential toxicological hazards. These hazards mainly depend on the active ingredient used.
• Alcohol-based compounds are not known to exhibit adverse effects [34] . They are suitable for disinfection of small surface areas.
• The oxidants formic acid and sodium hypochlorite are used for large surfaces and also do not have significant toxic side effects.
• Phenolic compounds vary considerably in their properties, depending on their chemical structure. For example, diphenylic compounds are better tolerated than halogen phenols and alkyl derivatives of phenols. In general, however, phenolic are regarded as slightly toxic. They possess a low sensitizing risk, but they are somewhat mutagenic and they have a high aquatic toxicity, especially triclosan [35] . Inhalation of phenolic vapours can lead to irritation of the airways and eyes. Long-term exposure may cause reproductive toxicity. Their antimicrobial spectrum is limited and they are not now commonly used for surface disinfection.
• Aldehydes, such as formaldehyde, glutaraldehyde and glyoxal, are classified as highly toxic, and have, depending on the compound, sensitizing, carcinogenic, mutagenic and neurotoxic effects. Consequently, they should not be used for routine surface disinfection and require specific indications [36] .
• Quaternary ammonium compounds (QACs) are often regarded as substances without toxic risks. This has led to their widespread use in households as well as healthcare institutions, despite their rather limited spectrum of activity. However, recent research has shown that benzalkonium chloride, a prototype QACS, may induce strong inflammatory irritation, including asthma and eczema, by contact as well as by inhalation. Air contamination with QACs may occur as a result of QAC particles being released from surfaces, followed by accumulation in dust [37] . Thus, QACs may exhibit a higher allergenic potential than previously assumed, although there is no evidence of mutagenicity, teratogenicity or carcinogenicity.
Biocides and antimicrobial resistance
The development of resistance and multi-resistance to antimicrobials of a growing number of microorganisms and the resulting treatment failure has prompted the development of surveillance networks at local, regional, national and international levels. In 2008, the Council of the European Union (EU) adopted 23 Conclusions on Antimicrobial Resistance (AMR), stressing the importance of improving surveillance and control of antimicrobial resistance within the EU [4] . There are a number of questions under discussion concerning the use of biocides and antimicrobial resistance, including: Resistance to biocides is assumed to be mainly a result of the ability of a bacterium to decrease intracellular biocide concentrations below the harmful threshold [26] . Mechanisms such as changes in cell envelope, changes in permeability, efflux and degradation can be the reasons for such a decrease. They can be intrinsic or acquired. Some experimental data show a possible relationship between biocide exposure and antibiotic resistance, especially for triclosan, silver, chlorhexidine and quaternary ammonium compounds [39] , [40] , [41] , [42] . One important form of linkage is (acquired) disinfectant cross-resistance with antibiotics, i.e. the existence of resistance mechanisms which are directed against both biocides and one or more therapeutic antibiotics, such as efflux [43] . The transfer and co-transfer of genetic determinants encoding for resistance to antimicrobial drugs following biocide exposure is also of concern, but so far has been poorly evaluated [42] . A recent prospective cohort study by Buffet-Bataillon et al. [44] demonstrated an epidemiological relationship between higher MIC values of alkyldimethylbenzylammonium chloride in clinical E. coli isolates and simultaneous resistance to cotrimoxazole. In 2010, the Scientific Committee on Consumer Safety (SCCS) published a report identifying several risks associated with the use of triclosan, including the existence of mechanisms which can promote resistance and crossresistance to biocides and antibiotics [45] . Genes conferring resistance to triclosan can be transferred to other bacteria, however, a decrease in susceptibility to triclosan is not always associated with a decrease in susceptibility to antibiotics [46] . However, the clinical relevance of these laboratory findings on triclosan have not yet been corroborated [47] . The recommended use concentrations of triclosan are much higher than the experimentally elevated MICs, except for those seen with P. aeruginosa. This underlines the importance of considering the spectrum of activity with different species when selecting a product.
There is laboratory evidence suggesting that biocides used at a sub-lethal concentration may trigger the expression of biocide resistance and/or select bacteria resistant to antibiotics [42] , [48] . It is therefore crucial for a biocide to reach a lethal concentration rapidly.
Other factors contributing to decreased susceptibility to biocides and/or the selection of resistant microorganisms are biofilm-formation, the embedding of bacteria in amoeba, spore formation, and certain cell wall structures (as in mycobacteria). Recent publications describe the negative consequences of persistent biofilms on effective terminal cleaning of clinical surfaces [49] , [50] underlining the need to closely monitor disinfection practices. The selective pressure on resistant bacteria may further be enhanced by the cumulative exposure to biocides in the healthcare environments and biocides used in consumer products as preservatives.
In conclusion, current data suggest a possible linkage between usage of certain biocides and resistance to both biocides and antibiotics. However, there is considerable variation between bacterial species and individual biocides and antibiotics. Furthermore, the epidemiological relevance of the available data is unclear and a final statement on the resistance risks associated with biocide use cannot be made. Further research is needed to better understand the relationship between biocides and antimicrobial resistance. Nevertheless, the present scientific data does not suggest that resistance problems will emerge, provided there is proper use of efficacious surface disinfectants [51] . Actions to reduce the potential impact of biocides on antimicrobial resistance include:
• Design and use biocidal products which rapidly reach lethal concentrations • Odentify sublethal concentrations which may trigger resistance • Avoid repeated, widespread use of biocides at sublethal concentrations • Carefully assess the risk/benefit profile for triclosan, QACs and other substances suspected of triggering resistance • Provide clear, intelligible instructions and training on the proper use of disinfectants • Ise antimicrobial substances, including biocides, prudently. This implies the restricted, targeted use of disinfectants and consumer products containing biocidal agents in private homes • Provide better surveillance and monitoring of the actual use of disinfectants • Establish structured reporting of biocide resistances.
The Biocidal Product Directive
At a European level, the use and marketing of chemicals in disinfectants is regulated by the Directive 98/8/EC of the European Parliament and of the Council [52] . According to this Directive, a biocidal product must pose no risk to humans, animals or the environment under the conditions of use. Compliance with the Directive is a requirement for placing the product on the market. Surface disinfectants -unless used on medical devices -can be classified as product type 2 in Main Group 1 (Disinfectants and general biocidal products, Private area and public health area disinfectants and other biocidal products). The active substances for this product type must be listed in Annex I (main list of active substances), Annex IA (active substances for low-risk biocidal products) or Annex IB (basic/commodity substances). Products which contain active substances not listed in these annexes must be removed from the market. Of about 760 initially identified active substances for all product types, 360 are still in the evaluation stage. It is expected that further active substances will be excluded from Annex I even though they have been used in disinfectants over a long period of time. As a consequence, a number of currently available biocidal formulations will disappear from the European market within the next ten years. However, implementation of the Directive varies amongst the individual member states.
Harmonised guidelines and recommendations
Several national guidelines and recommendations on environmental disinfection are available [2] , [53] . In addition, WHO has published a number of interim best practice guidelines and technical notes on environmental disinfection [54] . However, controversial recommendations and ineffective or unsafe practices (e.g. the use of bleach in the presence of organic material, fumigation with formaldehyde) has led to a re-appraisal of existing WHO guidelines. The aim of a new guideline related to Infection Prevention and Control (IPC) Precautions in Health Care is to provide a reference standard to be adapted for local practice. It must also consider the needs of low-income countries. The detailed national guideline "Hygiene Requirements on the Cleaning and Disinfection of Surfaces" issued by the German Hospital Hygiene and Infection Prevention Commission KRINKO in 2004 may serve as an example [2] . Amongst other issues, it defines risk areas (including high risk areas such as intensive care, operating theatre, stem cell wards) and the targeted spectrum of activity, addresses the correct dosage of disinfectants, training and supervision of cleaning staff, disinfection intervals, storage of cleaning and disinfection utensils and durability of furniture and equipment. Guidelines and recommendations must also consider practical implementation. This may be achieved by keeping guidelines simple and easy to follow and also ascribing them the necessary legal status. Existing documents should be re-evaluated, current scientific findings included and basic principles agreed. The harmonised guidelines should then be made available to a wide audience across national borders.
Implementation and quality assurance of environmental disinfection
From the presentations and the discussion at this Rudolf Schuelke Foundation Symposium, the members identified an urgent need for immediate action on the practical implementation of environmental disinfection.
Focus on disinfection as a procedure
Disinfection must be viewed as a holistic process, taking into account aspects inherent to
• the product itself, • the application of the product, • the target microorganisms, • disinfection efficacy and • the methods of monitoring compliance.
Set up harmonised standard principles
Harmonise basic principles, standards and techniques for cleaning and disinfection of environmental surfaces. This should ideally be done by the ECDC for better acceptance in Europe and by WHO for better international acceptance. These standards should be based on risk assessments of contaminated surfaces and should include
• requirements for product efficacy, • correct dosage, • shelf-life, • application techniques, • toxicity and • resistance potential.
• The special needs of low-income countries and outbreak scenarios in disaster areas should also be addressed.
Ensure compliance with standard principles
Standards for assessing compliance with guidelines should be established (conformity assessment). These standards can be compiled in the form of a list of compliance criteria, which should be an integral part of cleaning and disinfection protocols. If cleaning and disinfection services are outsourced, these compliance criteria should be part of a service-level agreement, which should include:
• adequate training and (continuing) education of both in-house and external staff, • consultation with the infection control team, • written Standard Operating Procedures, • appropriate choice of disinfectant and other utensils needed for cleaning and disinfection, • implementation of external and/or internal audits.
Specific reference must be made to the required qualification of cleaning personnel and the choice of adequate audit systems and monitoring techniques.
Define a core curriculum for cleaning personnel
A core curriculum should be adopted for the training and education of cleaning personnel in medical facilities, including the necessary qualifications of their trainers and supervisors. Currently, curricula for hospital cleaning specialists differ considerably in contents and length even within the same country, ranging from 4 week courses to a 2 year course with a diploma from a technical college (in France). High-quality teaching materials should be made available, tailored to the needs of the trainees. Training and education can include detailed on-site instruction by disinfectant manufacturers on the proper use of their individual products.
Evaluate and establish audit systems
Audit systems for monitoring the efficacy of cleaning and disinfection practices must also be evaluated. Examples of effective strategies involve the principles of "first consult, then supervise" adopted by the Public Health Authority in Frankfurt/Main. Public Health Authorities in Germany are obliged by law (IfSG 2011) to inspect medical facilities, including hospitals and doctors surgeries, assessing their compliance with hygiene regulations. In Frankfurt, emphasis is put on consulting the facility first rather than first pointing out failures [55] , [56] . Another example is the "traffic light system" introduced in many hospitals in the UK. This system grades hospitals and health boards by the traffic light colours -red for a compliance level of less than 70%, amber for between 70% and 90% and green for above 90%. Audits in the UK can be carried out by domestic services managers or by independent teams, sometimes including members of the public. Generally, feedback about the compliance and efficacy of disinfection regimens leads to significant improvements in performance [57] , [58] .
Evaluate and establish monitoring techniques
Research gaps exist in objective methods for defining and measuring adequate cleanliness of various environmental surfaces. An expert panel should discuss and agree on indicators for existing monitoring techniques which are suitable for medical and public facilities (cf. [59] . Available methods include fluorescent markers, adenosine triphosphate (ATP) bioluminescense to measure residual organic matter on surfaces, and microbiological tests such as swab cultures and Agar Slide Cultures, although the value of cultures is questioned and process controls are generally regarded as more useful. Monitoring should include safe processing of surface disinfection utensils, especially mops.
CDC Options for Evaluating Environmental Cleaning)
Raise awareness
Healthcare personnel, hospital directors, patients, politicians and the public should be made more aware of the need to include appropriate environmental disinfection procedures within the infection control strategy and of the adverse consequences of failures in compliance or improper performance. These messages should also be communicated via the internet and in public media. A better understanding of the role of environmental disinfection will also encourage the funding of any additional costs involved in implementing a quality-assured environmental disinfection programme in medical facilities.
Share expertise
A continuing exchange of expertise between scientists, manufacturers, hospital directors, purchasing department, infection control personnel and end-user (cleaning staff and facility managers) should be established to improve the quality of environmental disinfection procedures.
Encourage competition
Competition between hospitals and medical care facilities, such as publishing audit results of infection control measures, can be useful for improving performance.
Use of household disinfectants
The use of disinfectants in the domestic environment requires specified indications. Generally, it is encouraged in situations where there is an increased risk of infection for household members and where additional safety is needed. The following indications may justify the use of surface disinfectants in private homes (also refer to the recommendations on home hygiene provided by the International Forum on Home Hygiene (IFH)):
• The presence of gastrointestinal infections, if immunosuppressed or susceptible persons (including newborns) are household members, provided the focus is on hand disinfection, supplemented by disinfection of risk areas in the bathroom and kitchen [60] ; • If a family member has an infection caused by a highly contagious pathogen such as norovirus, tuberculosis or enteropathogenic E. coli. If Norovirus is involved, virucidal surface disinfection must be used after contamination with faeces or vomitus;
• If a patient discharged from hospital returns home with invasive medical devices or wound dressing still in situ [61] ; • If preventative measures for re-colonization of MRSA carriers are implemented, which include hand disinfection in combination with the disinfection of relevant contact surfaces [60] , [62] .
Concluding remarks
There is now good evidence that contaminated dry surfaces contribute to the spread of nosocomial pathogens. It is undisputed that environmental disinfection is necessary in certain risk areas and in outbreak situations. It is widely acknowledged that proper use of disinfectants contributes to the control of pathogens in outbreak situation as part of a bundle strategy.
There is an urgent need to harmonize test procedures in order to demonstrate the efficacy of disinfectants including new application methods such as pre-soaked wipes for surface disinfection. Current understanding of toxicity and resistance mechanisms confirms that prudent implementation of surface disinfection regimens can prevent or minimize adverse effects.
There are many reports of insufficient and inadequate implementation of existing environmental cleaning and disinfection regimens. Therefore, future activities should focus on improving the quality of and the compliance with environmental disinfection procedures in accordance with a carefully designed set of standards.
Notes Dedication
Dedicated to the memory of Yves Chartier (WHO) who participated in the conference and died in a tragic accident in January 2012.
